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CLINICAL COMMENTARY

CURRENT CONCEPTS OF MUSCLE AND TENDON
ADAPTATION TO STRENGTH AND CONDITIONING
Jason Brumitt, PT, PhD, ATC, CSCS1
Tyler Cuddeford, PT, PhD1

ABSTRACT
Injuries to the muscle and/or associated tendon(s) are common clinical entities treated by sports physical
therapists and other rehabilitation professionals. Therapeutic exercise is a primary treatment modality for
muscle and/or tendon injuries; however, the therapeutic exercise strategies should not be applied in a
“one-size-fits-all approach”. To optimize an athlete’s rehabilitation or performance, one must be able to
construct resistance training programs accounting for the type of injury, the stage of healing, the functional and architectural requirements for the muscle and tendon, and the long-term goals for that patient.
The purpose of this clinical commentary is to review the muscular and tendinous adaptations associated
with strength training, link training adaptations and resistance training principles for the athlete recovering from an injury, and illustrate the application of evidence-based resistance training for patients with a
tendinopathy.
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INTRODUCTION
Sports physical therapists frequently prescribe therapeutic exercises (TE) in order to facilitate an athlete’s recovery after acute injury or surgery.1-4 TE
strategies should not be applied in a “one-size-fits-all
approach”. To optimize an athlete’s rehabilitation or
performance, one must be able to construct resistance training programs (or apply an evidence-based
TE program when available) accounting for the
type of injury, the stage of healing, the functional
and architectural requirements for the muscle and
tendon, and the long-term goals for that patient.
Increasing muscular strength, muscular endurance,
and muscular power is at the core of improving
health and reducing the risk of injury in healthy athletes and athletic individuals.1-4
In order to optimize an athlete’s rehabilitation or performance, a physical therapist must be able to construct
resistance training programs applying evidence-based
principles of exercise prescription. The purpose of this
clinical commentary is to present the muscular and
tendinous adaptations associated with strength training, link training adaptations and resistance training
principles for the athlete recovering from an injury,
and illustrate the application of evidence-based resistance training for a patient with a tendinopathy.
MUSCULAR AND TENDINOUS ADAPTATION
TO RESISTANCE TRAINING
Performing resistance training exercises will cause
muscular and tendinous adaptations in patients and
healthy athletes.2, 5-16 These training adaptations can
be advantageous for helping an athlete recover from
an injury or surgery and/or to improve aspects of
athletic performance. Increases in strength associated with prolonged resistance training occur due
to a combination of neural and morphologic adaptations.2,17-22 The focus of this commentary will be on
the morphologic adaptations of the muscle and tendon; however, it is important for physical therapists
to appreciate that immediate gains in strength may
be the result of neural adaptations.2,17-22
Physiological Cross-Sectional Area (PCSA)
A key morphologic adaptation associated with
increases in strength due to resistance training is the
increase in physiological cross-sectional area (PCSA)
of skeletal muscle. Increases in PCSA can be observed

via diagnostic imaging including magnetic resonance
imaging [MRI], diagnostic ultrasound, and computerized tomography, as early as two months after
initiating a training program.2,20-24 MRI is considered
the gold standard for measuring changes in PCSA.23
Diagnostic imaging is routinely utilized in research to
assess changes in PCSA; however, utilization of imaging techniques is financially prohibitive in most clinical situations. In addition, strength gains experienced
by patients during the early phases of a rehabilitation program are likely the result of neural adaptations with subsequent strength gains associated with
muscular hypertrophy occurring one to two months
after initiating training.1,2,21,22 Physical therapists, and
other rehabilitation clinicians, should instead assess
force production with traditional clinical tests (e.g.,
manual muscle testing, dynamometry) or with functional performance tests. A measure of a muscle’s
cross-sectional area could be determined with a girth
measurement using a tape measure; however, this
anthropometric measure can only provide a comparison to the uninjured side (e.g., thigh, calf, upper arm,
chest) and cannot provide a measure of an individual
muscle nor provide the clinician with an indication of
either strength or functional performance.
Increases in PCSA plateau at some point between
six months to one-year after initiating a training program.2,23 Muscular hypertrophy occurs in both genders; however, muscular hypertrophy in women is
typically lower. Strength gains and increases in crosssectional area in females occur at 80% of those seen
in their male counterparts.25-27 Lower circulatory
androgens and androgen receptor content in females
may explain the lower propensity for increases in
PCSA as compared to that seen in males.28 PCSA
decreases across the lifespan; however, aging adults
who perform resistance training exercises can experience an increase in PCSA. Fiatarone et al found
PCSA increases in the thigh in nonagenarians after
12 weeks of resistance training.29 The potential to
experience increases in PCSA, and thus increases in
muscular strength, may help to reduce risk of musculoskeletal injury and/or improve function.29-31
Hypertrophy
The muscle fiber, or myofibril, is comprised of thousands of sarcomeres. The sarcomere, which is the
functional unit of the muscle, consists of several

proteins that are involved in the contraction of skeletal muscles. Hypertrophy of muscle fibers is considered the primary mechanism associated with
increases in PCSA due to resistance training.2,24 During resistance training, microdamage to the architecture of the muscle occurs. This “damage” to the
muscle stimulates activity and proliferation of satellite cells.32-37 Satellite cells, precursors to myofibers,
are located between the sarcolemma and the basal
lamina.38,39 Satellite cells can contribute their nuclei
to a myofibril; this addition of the nuclei can aid synthesis of contractile proteins.40 Addition of new actin
and myosin contractile proteins increases the PCSA
of the muscle. Satellite cells may also fuse existing
cells to each other to create new myofibrils.41
A proposed second mode of muscular hypertrophy
is known as sarcoplasmic hypertrophy.42,43 Sarcoplasmic hypertrophy is the result of increases in
fluid and noncontractile components that comprise
muscle.42,43 This form of hypertrophy, which has
been observed in bodybuilders, may be the result
of a specific training stimulus.44,45 Researchers have
found that bodybuilders have higher glycogen content levels than an individuals who primarily perform exercises to enhance muscular power.44,45
Differences in muscle bulk due to changes in noncontractile elements of the muscle in bodybuilders
may be due training strategies. For example, bodybuilders may perform 6 to 12 repetitions per set with
training loads ranging from 67 to 85 percent of their
1-repetition max (RM) lift whereas recommended
training volumes and loads to enhance power are
one to three repetitions performed at 75 percent or
higher of one’s 1-RM.2
Resistance training appears to have a greater effect
on increasing PCSA in the muscles of the upper
extremity than those in the lower extremity.46-49
There are two potential explanations for this observation. First, the muscles of the lower extremities
(LE) may experience a lower level of PCSA gains
in response to a new resistance training program
because many of the LE muscles are consistently
under load in weight-bearing positions.47 Additionally, the loads during resistance training of the
LE may not be high enough to cause increases in
PSCA.47 Second, the upper extremity muscles have
higher concentrations of androgen receptors.49

Researchers have observed, via biopsy studies of the
UE and LE muscles, increases in fiber area with both
Type I and Type II fibers experiencing hypertrophy
in response to resistance training.50-52 Initial adaptations to resistance training (during the first one to
two months after initiating a program) occur due to
hypertrophy primarily of Type II fibers.2 Of potential
clinical interest to physical therapists is the finding
that Type II fibers, in injured individuals or in those
who have reduced or altogether stopped their training program, atrophy quicker than Type I fibers.2
Type I muscle fibers also hypertrophy in response
to resistance training programs; however, increases
in fiber size are usually observed in studies when
researchers perform assessments 2 or more months
after initiation of a training program.53,54
Given the right stimulus, most characteristics of
the musculotendinous unit including fiber type,
fiber length and diameter; tendon length, distribution, and architecture; and the glycolytic/oxidative
pathways change.55 It is well established that muscle
fiber transformation can take place with specialized training stimuli.55 For example, regardless of
muscle or species (both animal and human), many
researchers have demonstrated muscle fiber transformation from Type II (fast twitch) to Type I (slow
twitch).56,57 This fast-to-slow fiber transformation is
generally described as a complete change of the fast
twitch fiber both histochemically and biochemically
without any actual differences in the slow twitch
fibers that did not convert. Additionally, the process
of transformation is not merely a loss of fast twitch
fibers but a change in the amount of metabolic
enzymes and sarcoplasmic reticulum available for
use and interestingly, both adapt much more easily
than the contractile proteins.55 Resistance training
may cause ruptures of the Z-disk followed by subsequent longitudinal division of the muscle fiber. This
response has been observed in animal studies,58-60
and is postulated to also occur in humans. Training
also leads to increases in the size of myofibrils as
well as increases in myosin filaments on the periphery of each fibril.2
Hyperplasia, which is a term describing an increase
in the total number of muscle fibers, has also been
proposed as a potential mechanism associated with
increases in muscular size. However, evidence to

support this mechanism is lacking. Current thought
is any contribution to PCSA via hyperplasia is minimal if at all.2,61,62

occur during the healing process should influence
the type of exercises prescribed by the rehabilitation
professional.

Tendinous Adaptations
Increases in tendon stiffness in response to resistance training have been identified in both animal and human studies.63-66 Stiffness describes a
mechanical property of the tendon. Stiffness is the
force required to stretch a tendon per a unit of distance. Increased stiffness can impact the ability of
the muscle to rapidly generate force. In addition,
tendons respond to chronic resistance training by
increasing total number of collagen fibrils, increasing the diameter of collagen fibrils, and increasing
in fibril packing density.67-71

The Acute Stage
Onset of an inflammatory response occurs the
moment of an acute injury. The function of the
inflammatory response is to halt of the progression of
cellular injury, initiate the body’s healing process, and
to protect the area from further injury.72 The onset of
an acute injury is marked by the classic inflammatory signs: rubor (redness), tumor (swelling), calor
(warmth or heat), and dolor (pain).72 The swelling
associated with the acute inflammatory process is a
result of spread of exudate (the plasma and serum
proteins) from the damaged vessels in the region of
injury. The function of the exudate is to initiate repair
at the site of the injury. A negative consequence associated with swelling is the onset and/or increase pain
due to the pressure applied to free nerve endings.72

GENERAL CELLCULAR EVENTS
ASSOCIATED WITH AN INJURY OF A
MUSCLE AND TENDON
After a soft tissue injury to a muscle and/or tendon,
a series of cellular events occur as part of the healing process (Table 1).72 Appreciating the events that

The cellular events associated with the acute injury
stage can last up to six days. Appropriate treatment

Table 1. General Cellular Events Associated with a Muscle and/or
Tendon Injury72
Time Frame After Injury

Cellular Events

prescription is key to facilitating the progression of
healing from the acute to subacute stages.72 Delaying
treatment may fail to modulate a patient’s pain experience whereas aggressive treatment may increase
a patient’s pain experience or further damage the
injured region. Appropriate forms of treatment
for an acutely injured region include protection or
rest, modalities (e.g., cryotherapy), gentle range
of motion exercises, and possibly gentle isometric
strengthening exercises (Table 2).72
The Subacute Phase
The subacute phase of healing begins as early as the
third day after trauma/injury and lasts for up to 21
days. New capillary growth, known as angiogenesis,
occurs in the injured area early in this stage.72 Also,
fibroblasts synthesize new collagen to replace the
damaged tissue. Collagen is the primary structural
protein of soft tissue structures. This newly formed
collagen is weak and thin and is oriented haphazardly.72 It is clinically relevant to appreciate the
structural integrity of the newly repaired collagen
tissue. Aggressive or unsupervised treatments may
damage this structurally weak tissue and delay healing. Common practice during the early part of the
subacute phase is to have a patient continue range
of motion exercises in order to restore any remaining deficits, initiate gentle, pain-free stretching, and
initiate either isometric or low-load, high-repetition

exercises. A key to successful rehabilitation is to not
have the patient perform exercises that provoke or
increase pain (Note: there are instance when a patient
should experience an increase in pain during exercise.
Specifically, this relates to rehabilitation of tendinosis
conditions). For example, a clinician may prescribe
two sets of 15 repetitions of a short arc quad exercise
for a patient with anterior knee pain. The exercise
should be terminated if the patient begins to experience symptoms during the performance of the repetitions (the clinician would document how many
sets and reps that the patient was able to perform
and how much weight was utilized).
The Chronic Stage (Maturation and
Remodeling Stage)
The term chronic is sometimes used in reference to
the final stage of healing (e.g., the maturation and
remodeling stage) or as a descriptor of one’s medical condition state (e.g., chronic low back pain or
chronic pain due to arthritis). The chronic stage of
healing is the final stage of healing that begins around
day 21 and continues up to 12 months after injury.72
During this stage of healing collagen is remodeled in
response to applied forces. Progression of the exercise program will increase tensile strength of the tissue. Patients are typically able to initiate functional
strengthening (e.g., squats, lunges) followed by plyometric or power training exercises.1,2

Table 2. Summary of Healing Response and Appropriate Conservative Rehabilitation
Treatments
The Acute Stage
(Inflammatory response)
1-6 days post-injury

The Subacute Stage
(Repair and Healing Phase)
Begins as early as day 3

Chronic Stage
(Maturation and
Remodeling Stage)
Begins about 3 weeks postinjury

PATHOANATOMICAL CHANGES
ASSOCIATED WITH SKELETAL MUSCLE
AND TENDON INJURY
Muscle Injury
Features of a strain injury of a muscle include tearing of the fibers, muscular weakness, functional
loss, swelling, and pain. Strain injuries are classified
as 1st, 2nd, or 3rd degree strains (Table 3). First degree
strains are minor injuries associated with tearing
of less than one-half of the fibers, minor pain and
weakness, little to no loss of function, and little to
no swelling. Second degree strains are associated
with tearing of approximately one-half of the fibers,
moderate pain and muscular weakness, a moderate degree of functional loss, and visible swelling.
A third degree injury is associated with a complete
tear, or rupture, of the muscle or tendon, significant
loss of function, significant muscular weakness, and
swelling. An individual who has experienced a thirddegree strain may not experience pain if an innervating sensory nerve has been damaged.
Often, injury results in immobilization and it may
have an unpredictable effect on muscle size, length,
and strength. Position of immobilization effects sarcomeres. When a muscle is immobilized at a longer
length it will experience an increase in its number
of sarcomeres in series whereas immobilization of a

muscle in a shorter length will cause a decrease in
the number of sarcomeres in series.41 Researchers
have found that not all muscles respond in a similar
fashion to immobilization. For example, when the
quadriceps was immobilized for 10 weeks, the PCSA
of rectus femoris was least affected, and conversely,
the PCSA of the vastus medialis was affected the
most.55,73,74 Fiber type alone does not help explain
some of these differences in atrophy. The vastus
medialis (VM) has a similar percent of Type I (slow
twitch) fibers as the rectus femoris and yet atrophied more. Similarly, the VM’s Type II fibers atrophied more than those Type II fibers of the vastus
lateralis.55,73,74 Most muscles are comprised of similar
levels of Type I and Type II fibers with some variation among studies.75-77 In general, there is either a
40%-60% split (Type I:II) or 60%-40% split (Type
I:II).78 Muscles with a higher percentage of Type I
fibers have slower twitch characteristics as well as a
decreased capacity for force generation, function as
postural stabilization muscles, and function predominantly in endurance-type activities.2,55 Conversely,
muscles with a higher concentration of Type II
fibers have more fast twitch characteristics, are able
to generate greater amounts of force, and function
predominantly in shorter burst activities.2,55 With
specific endurance training, it is possible to increase
the percentage of Type I fibers.79-81 However, it is not

Table 3. Pathoanatomical Changes Associated with Muscle and Tendon
Injury: 1st, 2nd, and 3rd Degree Strains

Table 4. Muscle Groups and Type I Fiber Contribution
Muscle

Type I Contribution82-84

Table 5. General Training Guidelines for Selective Hypertrophy of
Muscle Fibers
Muscle Fiber Type

clear if training causes an increase in the percentage
Type II fibers in strength and power athletes.80 Table
4 lists a few of the major muscles and their Type I
fiber proportions.
As previously mentioned, the long held belief about
the specificity of training is true. As an example,
endurance training signals the satellite cells to produce Type I muscle fibers. Since some muscle fiber
conversion (Type II-to-Type I) takes place during
training, rehabilitation and training experts need to
keep this in mind.55 For example, excessive endurance training for a sprinter may result in a fastto-slow conversion of muscle fibers. Similarly, too
many repetitions for a strength and power athlete
may also result in muscle type conversion from fastto-slow. Table 5 provides general training guidelines
for muscles based on fiber type.
Tendon Injury
Tendons are fibrous connective tissues that are anatomically oriented between muscle and bone. The
tendon helps to facilitate joint movement and stability via the tension generated by the muscle. Tendons
also store energy that may be used for later movement. For example, the Achilles tendon may store as
much as 34% of the total ankle power.85
Tendons consist of fibroblasts and an extracellular
matrix. The fibroblasts synthesize the components
of the extracellular matrix including the ground

T r a i n i n g P ro g r a m

substance, collagen fibers, and elastin.86 The collagen
fibers are key to providing tensile strength to the tendon. The parallel arrangement of the collagen fibers
provides strength to the tendon allowing it to experience large tensile forces without sustaining injury.55
When a tendon experiences strain levels that overload the tissue’s tensile capabilities microtrauma or
macrotrauma will result.55 Typically, strength training rarely leads to a tendon injury. However, in a diseased state, a tendon is at risk of injury or reinjury
if the tendon is overloaded.55 Clinicians are advised
to prescribe training loads for patients with a tendon injury (or for that matter any musculoskeletal
injury) that do not reproduce symptoms.
Tendons are largely comprised of Type I collagen
and once lengthened provide a high degree of tensile strength.55 They also act parallel with the viscoelastic component of the muscle storing energy for
later use. Significant variations exist in the stiffness
properties of tendons and this stiffness can affect
the force-velocity characteristics of a muscle. As an
example, if a tendon is too compliant (lacks stiffness) it will result in a reduced ability of the muscle
to generate force. The property of a tendon is dependent on its stress and strain characteristics where
stress is defined as force divided by cross-sectional
area and strain is defined as the change in length
divided by its resting length. Young’s Modulus
helps describe the relationship between stress and

Table 6. Tendon Injury Classiﬁcations

Injury Classification

Description

strain. For example, a stiff tendon can accept high
loads (stress) and experience very low deformation
(strain). Some evidence exists suggesting that tendon stiffness and hypertrophy increases following
resistance training.66,69,,87,88
Tendons are at risk for overuse, traumatic, and
degenerative injury.86,89,90 Because of the anatomical
relationship between the tendon and skeletal muscle, sometimes both structures are injured simultaneously. However, there are a number of injuries
that are specific to the tendon itself (Table 6). It is
important for clinicians to distinguish the difference
between an acute, inflammatory tendon injury and
a chronic, degenerative injury. Acute injuries of the
tendon include peritenonitis, tenosynovitis, and
tenovaginitis (Table 6). Therapists will be unable to
clinically distinguish between the different types
of an acute tendon injury; diagnosis would require
medical studies not available to PTs. Clinical diagnosis of a tendinosis may also pose challenges for a PT.
A patient who presents with a tendinosis may report
experiencing pain for a prolonged period of time and
not be able to describe a specific mechanism of injury.
For example in a patient with a suspected Achilles
tendinosis (see Appendix), the therapist must use
their clinical judgment to determine if inflammation
is present. Although the symptoms may be similar,
palpation may reveal whether the enlarged area has
inflammatory signs including redness and swelling.
Another differentiating test is range of motion. If
swelling is a result of inflammation, the swelling will
not move with the tendon, whereas an enlarged or
thickened region in the tendon will move as the tendon moves in a patient with a tendinosis. Results from
rehabilitation studies suggest that individuals with
a tendinosis (chronic, degenerative) benefit from
intense, eccentric exercise based programs whereas

those with a tendinitis (acute, overuse) benefit from
a gradual, conservative therapeutic program.90
Case Example: Therapeutic Exercise for
Achilles Tendinosis
Although skeletal muscle may be one of the most
adaptable materials in the body, if the cumulative
mechanical or metabolic loads on the muscle fiber
are too high, the tissue will “break”. Simply stated,
injury is a result of the body’s failure to adapt and
muscle overtraining continues to be the number one
reason for injury.
Documented injury rate among recreational runners
range between 25-65%.91-93 Midportion Achilles tendinopathy is among the most common injuries, with
the incidence in recreational and elite runners ranging between 6-18%.89,90,94 The challenge is that up to
29% of patients with Achilles tendinopathy do not
respond to conservative treatment and may require
surgical intervention.95,96 Interestingly, as high as
45% of non-athletic patients’ with Achilles tendinopathy may not respond to current eccentric protocols.96
As stated above, tendinosis is a chronic degeneration
and is associated with a conversion of Type I and a
higher percentage of Type III collagen fibers resulting
in a structurally altered tendon. There are no inflammatory markers and the tendon often demonstrates
neovascularization. The overwhelming current
evidence-based conservative treatment for Achilles
tendinosis that shows favorable results in many randomized controlled studies and in systematic reviews,
is an eccentric training program.90,97-99 Although the
exact mechanism by which eccentric exercise affects
tendon is unclear it is thought that the eccentric
exercise encourages tissue repair and remodeling.100
Recently, van der Plas et al reported that 46 patients
with Achilles tendinopathy at the five-year follow-up

demonstrated significant increases in the VISA-A but
with continued minimal pain.99 Additionally, Beyer
et al recently published article on the benefits of a
heavy slow resistance training was evaluated and
compared with current eccentric protocols and demonstrated positive results.101
CONCLUSION
This commentary has reviewed morphologic changes
in the human muscle and tendon associated with
resistance training. Sports physical therapists prescribe therapeutic exercises in order to address deficits associated with injury as well as design and
implement training programs to reduce the risk of
injury and to enhance sports performance. When
possible, sports physical therapists should utilize evidence-based programs in the rehabilitation of musculoskeletal sports injuries. The provided case example
illustrates the application of the concepts in this commentary applied to treatment for Achilles tendinosis.
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